Interindividual differences in susceptibility to hematologic malignancies may be mediated in part through polymorphic variability in the bioactivation and detoxification of carcinogens. The glutathione S-transferases (GSTs) have been implicated as susceptibility genes in this context for a number of cancers. The aim of this study was to examine whether polymorphic variation in GSTs confers susceptibility to chronic lymphocytic leukemia (CLL). GSTM1, GSTT1, and GSTP1 genotypes were determined in 138 patients and 280 healthy individuals. The frequency of both GSTM1 and GSTT1 null genotypes and the GSTP1-Ile allele was higher in cases than in controls. There was evidence of a trend in increasing risk with the number of putative "high-risk" alleles of the GST family carried (P ‫؍‬ .04). The risk of CLL associated with possession of all 3 "high-risk" genotypes was increased 2.8-fold (OR ‫؍‬ 2.8, 95% confidence interval: 1.1-6.9). Our findings suggest that heritable GST status may influence the risk of developing CLL. 
Introduction
B-cell chronic lymphocytic leukemia (CLL) is the most common form of leukemia, accounting for around 30% of all cases. 1 There is increasing evidence that predisposition to CLL involves both inherited and environmental factors. 2, 3 It is likely that part of the inherited susceptibility to CLL may be determined by interindividual differences in the bioactivation of procarcinogens and detoxification of carcinogens.
The glutathione S-transferases (GSTs) are a superfamily of genes whose products are phase II enzymes, catalyzing the conjugation of reactive intermediates to soluble glutathione. 4 GSTM1 and GSTP1 detoxify carcinogenic polycyclic aromatic hydrocarbons such as benzo-(a)pyrene, whereas GSTT1 is responsible for the detoxification of smaller reactive hydrocarbons, such as ethylene oxide. 4 Differences in the activities of some GSTs are determined by genetic polymorphisms. 4 GSTM1 activity is absent in ϳ50% of whites as a consequence of the inheritance of 2 null alleles (deletion of the gene). Similarly, GSTT1 activity is deficient in ϳ20% of whites, resulting from homozygous deletion. The GSTP subfamily comprises only GSTP1. The 1578AϾG substitution in GSTP1 creates the Ile105Val polymorphism that leads to expression of an enzyme with reduced activity. 4 There is epidemiologic evidence that exposure to aliphatic hydrocarbons and chlorinated hydrocarbons plays a role in the etiology of CLL. 3, [5] [6] [7] [8] This, coupled with the proposed role of GSTs in the etiology of a number of common cancers 9 provides a strong rationale for evaluating GSTM1, GSTT1, and GSTP1 polymorphisms as risk factors for CLL.
Study design Patients
Blood samples were obtained from 138 white patients (62% male; 38% female; mean age at presentation 54 years, SD: 12) with B-cell CLL referred to the Royal Marsden Hospital NHS Trust. The diagnosis of CLL was based on standard hematologic and immunologic criteria. The proportion of patients with Binet stages A, B, and C were 58%, 14%, and 28%, respectively. Median white cell count in the cases was 22 ϫ 10 9 . Control blood samples were obtained from 280 geographically and ethnically matched individuals who were spouses of patients enrolled in another cancer study. None of these individuals had a personal or family history of malignancy. Venous blood samples were obtained with informed consent and ethical review board approval. DNA was salt extracted from ethylenediaminetetraacetic acid (EDTA) blood samples using a standard sucrose lysis method.
Genotyping
GST1 genotypes were determined by polymerase chain reaction (PCR) methods. The presence or deletion of GSTM1 and GSTT1 were determined using primer pairs 5Ј-CTG CCC TAC TTG ATT GAT GGG-3Ј, 5Ј-CTG GAT TGT AGC AGA TCA TGA-3Ј, and 5Ј-TTC CTT ACT GGT CCT CAC ATC TC-3Ј, 5Ј-TCA CCG GAT CAT GGC CAG CA-3Ј, respectively. Interferon, alpha-5 (IFNA5) was used as an internal control. Homozygous nondeleted and heterozygous genotypes were not distinguished. GSTP1-Ile105Val genotypes were assigned by PCR-restriction fragment length polymorphism (RFLP) using primers 5Ј-ACC CCA GGG CTC TAT GGG AA -3Ј and 5Ј-TGA GGG CAC AAG CCC CT-3Ј and the restriction enzyme BsmAI. PCR was undertaken using 25 ng genomic DNA in a 15l reaction mixture containing 1 mM MgCl 2 , 6 pM of each primer, and 0.5 U Taq polymerase. PCR products were separated using 3.5% agarose gels.
Statistical analysis
The relationship between GSTM1, GSTT1, and GSTP1 genotypes and risk of CLL was assessed by means of the odds ratio (OR) with 95% confidence limits calculated by logistic regression. GSTM1 and GSTT1 genotypes were classified as either null (homozygous deletion) or nondeleted. A test for trend (P trend ) in increasing the risk of CLL by having more than one putative high-risk allele or genotype was evaluated by means of the chi-square test. The relationship between GSTM1, GSTT1, and GSTP1 genotypes and stage and white blood count was assessed by Anova. Departure in the distribution of genotypes from Hardy-Weinberg equilibrium was assessed by means of the chi-square test. A P value of .05 was considered statistically significant. All computations were calculated using the statistical software package STATA, version 6.0 (Stata Corporation, College Station, TX).
Results and discussion
The frequency of the GSTM1 and GSTT1 null alleles in the controls were 50% (135/270) and 23% (66/270), respectively, which is in agreement with the previous documented findings in white populations. 4 The frequency of these genotypes in CLL was 56% (77/138) and 30% (41/138), respectively ( Table 1 ). The distribution of GSTP1 genotypes within cases and controls was not significantly different from that expected under Hardy-Weinberg equilibrium (P ϭ .9 and .2, respectively). The frequencies of GSTP1 heterozygotes and GSTP1 homozygotes in controls were 38% (105/273) and 10% (28/273), respectively, also in agreement with previous estimates. 4 The frequencies of these genotypes were higher in the cases, 46% (63/138) and 12% (16/138), respectively (Table 1) , but these differences did not attain formal statistical significance. Sexand age-adjusted ORs were no different from crude ratios. In order to assess the existence of any interaction between the 3 GST genotypes we calculated the frequency of the simultaneous presence of the 3 putative "high-risk" genotypes. Individuals carrying all 3 low-risk genotypes-GSTM1 and GSTT1 nondeleted and GSTP1-Ile105Ile-served as the reference group. Heterozygotes and homozygotes for the GSTP1-105Val allele were combined for the analysis. Table 2 shows the risk of CLL associated with each combination of genotypes and the trend associated with 1, 2, and 3 putative high-risk genotypes. There was evidence of a trend of increasing risk with the number of high-risk GST alleles. The risk of CLL increased as the number of high-risk genotypes increased (P trend ϭ .04), and individuals harboring all 3 high-risk genotypes had a 2.8-fold increase in risk of CLL (95% confidence interval [CI]: 1.1-6.9). This suggests a possible synergistic effect between GST genotypes.
Allelic loss in cells used in genetic analyses is a potential source of bias, as genotyping assays do not always distinguish between homo-and heterozygote states. An apparent increase in GSTM1 and GSTT1 homozygotes may be due to loss of heterozygosity of peripheral leukocytes used for DNA extraction. If this is the case, a relationship between white blood count and GST status should be detectable. There was no evidence for an association between GSTM1, GSTT1, or GSTP1 status and white blood count (P values .5, .7, and .4, respectively). The other potential source of bias is if a "case-case" effect is operating such that individuals with more advanced disease have a higher probability of having a "high-risk" allele. There was no evidence for such an effect as there was no relationship between GSTM1, GSTT1, or GSTP1 status and stage (P values .2, .9, and 1.0, respectively).
Many studies have reported a relationship between GST variants and risk of a variety of common cancers including hematologic malignancies such as acute lymphoblastic and myeloid leukemia. 8 However, only one study has examined specifically the relationship between polymorphic variation in GSTs and CLL. 10 While this study failed to show a relationship between GSTM1 status and CLL, it was only based on 13 cases and hence was severely underpowered to detect a relationship on the basis of the probable genotypic risk associated with any common low-risk allele. In our study we found that carrying more than one of the putative high-risk GST genotypes significantly increases the risk of developing CLL, the risk being highest with possession of all 3 high-risk genotypes. It is conceivable that these variants will interact with environmental carcinogens, and certain combinations will better define at-risk groups. Information about exposure to environmental carcinogens was, however, unfortunately not available from either the cases or controls in our study to examine this possibility. While the risk of CLL associated with GST genotypes may be small and further studies are required to validate our observations, the high population prevalence of these high-risk alleles means that heritable GST status may make a significant impact on CLL incidence. 
